Heretofore the DNA-directed coupled transcription-translation system, most useful in The cell-free DNA-directed coupled transcription-translation system has proven to be a most useful tool for analyzing gene expression (e.g., see ref. 1). Thus far this coupled systemn has functioned'well when used in conjunction with circular double-helical DNAs or with large linear DNAs. Attempts to transcribe and translate small linear DNAs have met with limited success; the smaller the linear DNA involved the more difficult it has been to obtain meaningful gene products. For example, when the lac operon DNA was isolated (2); f3-galactosidase could not be detected using it as template (unpublished results). Subsequently it was possible to obtain a limited amount of synthesis of the NH2-terminal fragment of the f3-galactosidase polypeptide chain by using a purified restriction endonuclease fragment containing a fraction of the lac operon (3). However, the polypeptide yields were disappointing and consequently we were not encouraged to make further applications of the coupled system to investigations of small defined segments of linear DNA, although others have made limited gains through such studies (4, 5).
anaysis, has been limited to the use of circular or long linear DNAs. Linear DNAs are degraded in this system by an exonucleolytic activity that can be eliminated by making the synthetic extracts from a suitable recE8 mutant of Esch hia coli. Using these extracts, we have examined the gene expression of a variety of linear DNAs. In particular, the complex pattern of expression of ribosomal protein genes and RNA polymerase genes in the rpoBC-rpLJ region has been analyzed by comparing the protein products obtained when using Arif18 DNA with the product obtained when using the same DNA segmented with various restriction enzymes. The results obtained confirm the conclusions of others obtained by much more elaborate in vivo techniques. It seems highly likely that this cell-free system will have extensive applications in the area of analysis of gene expression.
The cell-free DNA-directed coupled transcription-translation system has proven to be a most useful tool for analyzing gene expression (e.g., see ref. 1). Thus far this coupled systemn has functioned'well when used in conjunction with circular double-helical DNAs or with large linear DNAs. Attempts to transcribe and translate small linear DNAs have met with limited success; the smaller the linear DNA involved the more difficult it has been to obtain meaningful gene products. For example, when the lac operon DNA was isolated (2); f3-galactosidase could not be detected using it as template (unpublished results). Subsequently it was possible to obtain a limited amount of synthesis of the NH2-terminal fragment of the f3-galactosidase polypeptide chain by using a purified restriction endonuclease fragment containing a fraction of the lac operon (3) . However, the polypeptide yields were disappointing and consequently we were not encouraged to make further applications of the coupled system to investigations of small defined segments of linear DNA, although others have made limited gains through such studies (4, 5) .
The results reported here demonstrate that the difficulty in working with liniear-DNAs results from an exonucleolytic activity in the conventional S40 extract used to catalyze synthesis that can be eliminated by making the extract from a recB mutant. This greatly potentiates the template activity of small linear DNAs. (8) and Xplac5 according to a procedure described elsewhere (6) . ColEl and pBR322 plasmid DNAs were isolated from strains carrying a recA mutation as clear lysates followed by CsCl gradient centrifugation in the presence of ethidium bromide (9) . DNA restriction fragments were prepared by EcoRI, HindIII, or BamHI digestion. The completion of digestion was checked by agarose gel electrophoresis. After digestion the DNAs were concentrated by precipitation with ethanol, resuspended in 10 mM Tris/acetate, pH 8.2, and used directly in cell-free synthesis.
MATERIALS AND METHODS
In Vitro DNA-Directed Protein Synthesis. Procedures used for preparation of S-30 extracts and conditions for in vitro synthesis have been described elsewhere (6) Gel Analysis. 3H-Labeled proteins were analyzed by electrophoresis in a 10-20% linear gradient gel (10) . After electrophoresis the gel was fixed for 1 20% methanol (wt/vol/vol) followed by immersion in 100 ml of En3Hance. The En3Hance was impregnated for 1 hr by washing in water containing 2% (vol/vol) glycerol before drying. Fluorography and densitometry were done as described (11) . Exposure time varied usually between 1 to 3 days. Preparation of the Reconstructed Cell-Free System. The reconstructed cell-free system consisted of four components, ribosomes (55 ,tg/ml), initiation factors (5 ,g/rnl), S-100 supernatant (150 ,g/ml), and RNA polymerase (2-5 .g/ml). Ribosomes were prepared according to the method of Crawford and Gesteland (12) : Initiation factors and S-100 supernatant were prepared according to the method of Traub et al. (13) . RNA polymerase was a gift from W. Zillig. All fractions except RNA polymerase were prepared from freshly grown cells of E. coli strains 2089 or CF 300. The conditions for synthesis were determined by preliminary experiments varying the amounts of each of the four fractions and optimizing for [3H]leucine incorporation. As a rule the four fractions were combined immediately before synthesis. This mixture was supplemented with 1/10th by volume of normal S-30 extract.
RESULTS AND DISCUSSION
During the decade that the coupled transcription-translation system has been in use, no systematic effort has been made to investigate the fate of linear DNA molecules during the course of synthesis. In spite of this it has been clear for some time'that whereas large DNA molecules such as Xlac DNA lead to ,3-galactosidase synthesis proportional to time for 60 min or longer, small DNAs such as purified lac operon DNA produce no detectable f3-galactosidase synthesis. Clearly the structure of the DNA in which a gene is located has a major influence on its efficiency of transcription and translation in the coupled system. Two supercoiled plasmid DNAs have been examined for stability under the standard conditions used for cell-free synthesis at 370C. When either of these DNAs, 3H-labeled, was incubated for periods of up to 1 hr, less than 5% of the DNA was degraded to trichloroacetic-acid soluble material (see Fig. 1 A or B). When Xplac5 DNA was similarly examined, about 30% was solubilized. These DNAs were also examined after 1 in the relaxed circular form. After 1 hr at 37"C the DNA was exclusively in the supercoiled form (compare Fig. 2 , lanes A and B). Such results demonstrate that circular DNA is completely stable in the coupled system, because even a single endonucleolytic cleavage of the supercoiled plasmid DNA would result in its conversion to relaxed circular DNA. The DNA gyrasedependent conversion of relaxed circular DNA to the supercoiled form in the coupled system has been reported (14) . This is due to DNA gyrase activity present in the S-30 extract used to catalyze transcription and translation. As indicated above, about 70% of the Xplac5 DNA is stable in the S-30 system after a 1-hr incubation. This DNA was reisolated and analyzed by gel electrophoresis after restriction enzyme treatment. Before restriction enzyme treatment the DNA moved as a single large band too big to be accurately sized on the gel system used. After EcoRI restriction enzyme treatment all predicted restriction fragments were clearly visible except for the two end fragments, which apparently were joined by ligase during incubation to yield a single large band (results not shown). Our interpretation of the stability studies on Xplac5 DNA is that the fraction of DNA that becomes ligated and circular is immune to degradation; 'the remainder is susceptible to exonucleolytic cleavage. The first purely linear DNAs to be systematically examined for stability in the coupled S-SO system were linear ColEl and linear pBR322 DNAs made from supercoiled DNAs by treatment with EcoRI restriction enzyme. This enzyme cleaves each of these DNAs at one location to produce a single linear molecule identified as a sharp band with amobility between that of fully supercoiled and relaxed circular DNA (see lane C, Fig.  2 ). When the linear DNAs were incubated in the S-3O they were very unstable; this was evident from the acid solubilization curve ( Fig. 1) and also from the absence of a linear DNA band after attempted reisolation of the DNA from the incubation mixture (see lane F, Fig. 2 Fig. 1B and Fig. 2, lane E Conditions for synthesis and assay have been described (6 (17) . If the f3-lactamase gene is transcribed and translated up to the cleavage point of this linearized DNA it should yield a polypeptide of about this size (18) .
The advantage of using an S-30 lacking the recB gene product is partly offset by the increasing seriousness of background synthesis, that is, the protein synthesis that occurs in the absence of added DNA. The S-30 extracts are routinely preincubated for 80 min and dialyzed overnight to lower background synthesis. The background that remains after such treatment results from host DNA, which inevitably contaminates the extract. The prolonged survival of linear DNA fragments in the CF 300 extract probably is the cause for an approximate doubling in background synthesis. When specific enzymes such as ,B-galactosidase are being studied in extracts made from a Alac strain, there is no background problem. However, when proteins are detected as radioactively labeled bands by gel electrophoresis, background incorporation can interfere with quantitative detection of the desired products if the incorporation occurs in the same region of the gel. Higher amounts of the desired DNA, when available, in the coupled system can usually overcome the background problem. Alternatively, the bacterial extract for synthesis can be fractionated into several components to completely remove endogenous host DNA. The recombined fractions yield a coupled system with very low synthesis and slightly reduced synthetic capacity. The fractionated components used-initiation factors, RNA polymerase, ribosomes, and S-100-are supplemented with a small amount of the usual S-S0 extract to give an enhanced synthetic capacity without appreciable increase in background incorporation. This procedure was used in the study presented below.
The reconstructed S-30 system with components derived from strain CF 300 was used to examine the gene expression of intact and restriction enzyme-treated Xrifdl8 DNA. This study was carried out to evaluate the potential of this system for the analysis of gene expression in complex operon situations. The genes in the rpoBC-tufB region of E. coli contained in Xrifd18 are regulated by an intricate control mechanism, which has been under intensive investigation. As indicated in Fig. 4 , this genetic region carries the genes for RNA polymerase sub- ',,,,,,,,S,. C." A W,,   FIG. 4 Li and EF-Tu synthesis were observed (see Fig. 5 ).
These results are consistent with the conclusions of others discussed above and the known cleavage maps for these restriction enzymes (see Fig. 4 
